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(54) Projection optical system 

(57) A projection optical system which has high effi- 
ciency and a wide exposure area is used to provide a 
desired image surface flatness and yet is of a practical 
size. A first element group including at least two pairs of 
convex surfaces facing each other, a second element 
group including at least two pairs of concave surfaces 
facing each other, a third element group including at 
least two pairs of convex surfaces facing each other, a 



fourth element group including at least two pairs of con- 
cave surfaces facing each other, and a fifth element 
group including at least two pairs of convex surfaces 
facing each other are provided, in that order, from a side 
of an object. Various predetermined conditions are sat- 
isfied. 
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BACKGROUND OF THE INVENTION 
5 1. Field of the Invention 

In this specification, the term "convex surface" refers to a surface in which a center portion of an element of glass 
material is swollen or enlarged as compared to the periphery of the element of glass material. The term "concave sur- 
face" refers to a surface in which a center portion of an element of glass material is caved in or reduced in thickness as 
70 compared to the periphery of the element of glass material. Finally, the term "element group" refers to a group of refrac- 
tive surfaces; such a group is not always surrounded by mediums such as air. 

This invention relates to a projection optical system used in a projection exposure apparatus which transcribes a 
reticle having an electric circuit pattern onto a surface of a semiconductor wafer. 

75 2. Description of Related Art 

Conventionally, in production of IC and LSI integrated circuits and liquid crystal flat displays, projection exposure 
methods using projection exposure apparatuses are used. 

In these kinds of projection exposure apparatuses, in order to provide excellent resolution and an exposure area of 
20 sufficient width, projection optical systems such as those disclosed in U.S. Patent 5,260,832 and Laid-Open Japanese 
Patent Publication 7-140384 are used. 

The integrated circuit patterns of semiconductors are becoming increasingly microscopic. The necessary exposure 
areas of the liquid crystal flat displays, moreover, are becoming wider. 

In this context, the optical performance required for a projection optical system used for IC exposure needs to be 
25 further improved. Conventional high performance Gaussian types of systems, such as that forming the subject matter 
of U.S. Patent 5,260,832, are becoming inadequate. 

A five-group construction projection optical system is disclosed in Japanese Laid-Open Patent Publication 7- 
140384. In this case, among three positive refractive power convex lens groups, one pair of convex lenses opposing 
each other has weak refraction power. This pair cannot sufficiently converge a light flux or bundle generated in a con- 
30 cave lens group having negative refractive power. Thus, it is difficult to achieve a sufficiently small overall optical system. 

SUMMARY OF THE INVENTION 

One object of the present invention is to provide a projection optical system with high performance and wide expo- 

35 sure. These features are especially important for adequate flatness of picture surfaces. 

In order to achieve this object, this invention provides a projection optical system which satisfies certain conditions 
and includes a first element group E1 with positive refractive power having at least two pairs of convex surfaces facing 
each other, a second element group E2 with negative refractive power including at least two pairs of concave surfaces 
facing each other, a third element group E3 with positive refractive power including at least two pairs of convex surfaces 

40 facing each other, a fourth element group E4 with negative refractive power including at least two pairs of concave sur- 
faces facing each other, and a fifth element group E5 with positive refractive power including at least two pairs of convex 
surfaces facing each other. The first through fifth element groups are arranged in order from an object side. When the 
refractive power of the facing concave surfaces of the second element group E2 and of the fourth element group E4 is 
<|>concave, the refractive power of the facing convex surfaces of the third element group E3 and of the fifth element group 

45 E5 is 4>convex, and a distance, in mm, between an object and an image is I, then: 

0.5 < |L x ^concave | < 15; and 
0.5 < |Lx <|>convex | < 15. 

50 

A projection optical system, which includes a first lens group G1 having at least two positive lenses and a positive 
refractive power as a whole, a second lens group G2 having at least two negative lenses and a negative refractive 
power as a whole, a third lens group G3 having at least two positive lenses and a positive refractive power as a whole, 
a fourth lens group G4 having at least two negative lenses and a negative refractive power as a whole, a fifth lens group 
55 G5 having at least two positive lenses and a positive refractive power as a whole, a sixth lens group G6 having at least 
two negative lenses and a negative refractive power as a whole, and a seventh lens group G7 having at least two pos- 
itive lenses and a positive refractive power as a whole, is provided with these characteristics. 

A Gaussian-type of system shown in the upper part of Fig. 1 comprises a convex lens group with positive refractive 
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power «>1 > 0), a concave lens group with negative refractive power (<)>2 < 0), and a convex lens group with positive 
refractive power (<p > 0). Two concave lenses are used for the concave lens group. However, when attempting to 
achieve a higher optical performance, the incidental angle of light beams entering these two concave lenses tends to 
become too large for an aberration generated to be corrected by other surfaces. 

In order to remedy this situation, each concave lens is switched and divided in front and back. The concave lenses 
are positioned with opposite concave surfaces facing each other. In this way, a radius of curvature of a concave surface 
can be doubled. Thus, the incidental angle i2c of each surface can be reduced by 1/2. This is shown in the bottom half 
of Fig. 1 and in Fig. 2. The same refractive power as before is maintained. Furthermore, as shown in Fig. 3. because 
the incidental angle changes depending on the direction in which the surface is oriented, while the refractive power of 
the lens stays constant, the aberration generated on one surface can be minimized by positioning the concave lenses 
so that they face in opposite directions. Thus, by enlarging a radius of curvature and positioning the concave surfaces 
so that they face each other, the aberration generated on each surface can be minimized. 

In the aforementioned projection optical system, disclosed in U.S. Patent 5,260,832, it was intended to correct for 
aberration generated by the concave lens group with a pair of concave surfaces facing in opposite directions When a 
lens is inserted between the pair of lenses facing each other in opposite directions, the inserted lens does not contribute 
much to correcting for the aberration because of its simple construction. Therefore, it has been very difficult to further 
improve optical system performance. 

This invention is constructed to eliminate this shortcoming by giving a negative refractive power to the lens inserted 
between the concave surfaces facing in opposite directions. The burden of refractive power on both concave surfaces 
is reduced. In this manner, two concave surfaces facing in opposite directions are positioned successively When two 
or more concave surfaces are positioned successively in such manner, distribution of the negative refractive power is 
remarkable. 

Such a transformation permits two concave lenses to become equivalent to four concave lenses. By increasing the 
number of lenses, and by increasing the number of concave surfaces facing in opposite directions, the aberration gen- 
25 erated on the concave surfaces can be further decreased. 

Furthermore, as shown in the bottom part of Fig. 1 . the same arrangement change is made to the convex lens ele- 
ments located on both sides of the prior Gaussian-type of system mentioned above. Each convex lens element is fur- 
ther divided such that the front and back are exchanged. The convex surfaces are positioned to face in opposite 
directions. In this way. the radius of curvature of the convex surface can be doubled while maintaining the same refrac- 
ao tive power as before. Thus, the incidental angle i1c of each surface can be reduced by 1/2 as shown in the bottom part 
of Fig. 1 and in Fig. 2. and the aberration generated on each surface is also reduced. 

One purpose of positioning two pairs of convex surfaces opposite to each other is to weaken a positive refractive 
power somewhat when a surface having a negative refractive power is inserted. This is effective to correct for spherical 
aberration and coma aberration. A decline in a positive refractive power can be compensated for by increasing the pos- 
35 itive refractive surfaces included in other element groups. Four convex lenses become equivalent to eight lenses by 
such a transformation. However, pairs of surfaces facing in opposite directions may be increased by increasing the 
number of lenses; in this situation, more aberration generation can be suppressed. However, in such cases, by increas- 
ing the number of lenses, an increased reflection of light may result in increased flare, even when an anti-reflection coat- 
ing is given to the refractive surface of each lens. Moreover, the cost for polishing lenses also increases The number 
of lenses disposed so that flat surfaces thereof face each other can be reduced by combining plural lenses into a single 
lens. The incidental angles of the entering light beam will not be increased by this construction. For example the sec- 
ond and the third lenses are connected to make one convex lens in the bottom part of Fig. 1 . Similar constructions are 
possible for the fourth and the fifth lenses, the sixth and the seventh lenses, the eighth and the ninth lenses and the 
tenth and the eleventh lenses. 

When the above constructions are carried out. the optical system comprises seven lenses as shown in Fig 2 Rel- 
ative to the six lens prior art construction, merely one lens is added. However, the pair of concave lenses facing each 
other in opposite directions included in the negative refraction element group in the center increases from one pair to 
two pairs. Each pair of convex lenses facing each other in opposite directions included in the positive refractive power 
element groups on both ends can be increased from one pair to two pairs. 

The above surface arrangement causes the concave lens element in the center to cancel out a positive Petzval sum 
generated by two positive lens groups of the prior art Gaussian type. 

The first point of the present invention is set out above. In this invention, instead of the prior three-group arrange- 
ment shown m F.g. 4, which includes a positive refractive power group, a negative refractive power group, and another 
positive refractive power group, a five-group arrangement shown in Fig. 5 is adopted. This five-group arrangement 
includes a positive refractive power group, a negative refractive power group, a positive refractive power group, a neg- 
ative refractive power group, and a positive refractive power group in order from the object side. The five-group arrange- 
ment yields a whole optical system of practical size. In other words, a smaller optical system is achieved. To simplify the 
explanation of three-group positioning, if the refractive powers of positive refractive power groups on both sides are 
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almost equal to each other, then the Petzval sum is canceled out when the refractive power of the negative refractive * 
power group in the center is set to be twice the refractive power of the positive refractive power groups. In other words, 
if the refractive power of the positive refractive power group is normalized at 1 , then the refractive power of the negative 
refractive group needs to be set at -2 such that its absolute value is doubled. However, in the five-group arrangement, 

5 in which a positive refractive group, a negative refractive group, a positive refractive group, a negative refractive group, 
and a positive refractive group are arranged in that order, when the refractive power of each positive refractive power 
group is set at 1, then a grand total of 3 results. This value of 3 is canceled out by the two negative refractive power 
groups. Thus, the refractive power of one negative refractive power group becomes only -1 .5. This produces a reduction 
in the refractive angle of each lens constructed of negative refractive power groups and contributes to a reduction in 

w aberration generation. 

On the other hand, from a different perspective, if the refractive power of the negative refractive power group is set 
at -2, similar to the setting in the three-group arrangement, then the total sum of the refractive power of two negative 
refractive power groups becomes -4, and the corresponding total sum of the refractive power of the positive refractive 
power group becomes 4. When this is divided by three positive refractive power groups, one positive refractive power 

is group has a refractive power of 4/3 = 1.333. By maintaining the incidental angle of the light beam entering the positive 
refractive power group, without changing the aberration generation rate significantly, the refractive power can be almost 
tripled. Thus, the whole optical system can be made smaller by a corresponding amount. 

To simplify the explanation made above, the refractive powers of positive refractive power groups on both sides are 
set equal. However, one is not limited to this construction. The construction can be generalized. To easily show differ- 

20 ences in overall length and diameter between the three-group arrangement and the five-group arrangement, consider 
a case in which an imaging magnification is constructed equally with an optical system overall having equal imaging 
magnification. 

In the negative refractive power group of the three-group arrangement shown in Fig. 4, if the refractive power of the 
negative refractive power group is normalized at 1 , then a focal length becomes 1 , which is its reciprocal. The refractive 

25 power of the negative refractive power group becomes -2, and its focal length becomes -0.5. Therefore, the distance 
between an object and an image becomes 6, and the refractive power of the negative refractive power group as a whole 
becomes -4, because two negative refractive power groups exist. Because the Petzval sum generated from these neg- 
ative refractive power groups must be canceled out by three positive refractive power groups, the refractive power of 
one positive refractive power group must be 4/3. Thus, the focal distance becomes 3/4. Assuming that the imaging mag- 

30 nrf ication of each group is equal, the distance between an object and an image is 5 as shown in Fig. 5. and the effective 
radius becomes 3/4 for the same NA. In this way, the optical system can be made smaller. 

The five-group arrangement shown in Fig. 5 has a positive refractive power group, a negative refractive power 
group, a positive refractive power group, a negative refractive power group, and a positive refractive power group. If the 
refractive power of the negative refractive power groups, in which aberration is easily generated, is set at -2 (the same 

35 value as in the three-group arrangement), then the refractive power of the negative refractive power group as a whole 
becomes -4. This is because two negative refractive power groups exist. Because the Petzval sum generated from 
these negative refractive power groups must be canceled out by three positive refractive power groups, the refractive 
power of one positive refractive power group must be 4/3. Thus, the focal distance becomes 3/4. Assuming that the 
imaging magnification of each group is equal, the distance between an object and an image is 5 as shown in Fig. 5, and 

40 the effective radius becomes 3/4 for the same NA. In this way. the optical system can be made smaller. 

The simplified explanation provided above is valid when each group and the entire optical system have a magnifi- 
cation power of 1. However, it is clear that similar tendencies can be found in ordinary magnification. By arranging five 
groups as discussed above, the effective radius of the positive refractive power group can be made smaller in principal. 
As the effective radius becomes smaller, the curvature of the surfaces facing each other in opposite directions can be 

45 made stronger without generating much aberration. The same is true for the negative refractive power group which has 
more margin. Curvatures of the surfaces facing in opposite directions can be made stronger. However, if the curvature 
is made too strong, correcting for aberration becomes difficult. Thus, in the present invention, when the refractive power 
of a concave surface is <|>concave, the refractive power of a convex surface is ^convex, and the distance, in mm, 
between an object and image is L, the following conditions need to be satisfied: 

50 

0.5 < |L x <(>concave | < 15 (1) 

0.5 < |Lx <|>convex | < 15 (2) 

55 If the maximum of condition (1) is exceeded, then the negative refractive power on the concave surface is strength- 
ened. This also is beneficial for correcting the Petzval sum. However, too much coma aberration is generated. Thus, 
corrections on other surfaces become difficult. Moreover, when the minimum of condition (1) is not met, negative refrac- 
tive powers on concave surfaces are weakened. In this case, corrections of the Petzval sum becomes insufficient. Thus, 
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an image plane becomes curved, and a wide field (he., exposure area) cannot be obtained because of insufficient cor- 
rection levels of the Petzval sums. When a minimum value is set at 1.5 and a maximum value is set at 10. even better 
results can be obtained. 

When the maximum of condition (2) is exceeded, the positive refractive power on convex surfaces is strengthened. 
Thus, a large coma aberration is generated and an image plane becomes curved because of insufficient corrections of 
the Petzval sums. Consequently, a large field (re., a large exposure area) cannot be obtained. When the minimum of 
condition (2) is not met. the positive refractive power on convex surfaces is weakened. This is beneficial for correcting 
the Petzval sum. However, the effective radius of the lens forming the positive refractive power group becomes exces- 
sively large. The overall length of lenses forming the positive refractive power group is enlarged as well. Thus, the size 
of the optical system becomes larger. When the minimum value is set at 1.5 and the maximum value is set at 10. more 
desirable resutts can be obtained. 

In the projection optical system disclosed in Japanese Laid-Open Patent Publication 7-140384. among three posi- 
tive refractive power groups, pairs of convex surfaces facing in opposite directions include a surface having weak refrac- 
tive power. The condition required by the present invention is not satisfied. Thus, a light flux or bundle generated in the 
negative refractive power group cannot be sufficiently converged, and it is difficult to make the optical system sufficiently 
small. Moreover, among two negative refractive power groups, the pairs of concave lenses facing in opposite directions 
include a surface having weak refractive power. The condition required by the present invention is not satisfied. There- 
fore, the light bundle generated in the positive refractive power group cannot be sufficiently converged, resulting in a 
great overall optical system length. Accordingly, it is difficult to make a compact optical system smaller. 

A six-group arrangement can be made by adding a negative refractive power group on the object side. Moreover, 
if a seven-group arrangement is made by adding a negative refractive group and a positive refractive group on the 
object side, then the distance between the object and the image becomes 4.67 and the effective radius of the lens of 
the convex lens group is 0.67 and thus even smaller. Additional negative and positive refractive power groups are used 
when NA is small ; thus, only a few lenses are needed and it is unnecessary for each of the additional groups to include 
surfaces facing in opposite directions. 

In the simplified explanation provided above, the refractive index of each group is constant, the imaging magnifica- 
tion of each group is restricted to a constant, the refractive power of each negative refractive power group is constant, 
the refractive power of each positive refractive power group is constant, the distance between the groups is constant! 
and the imaging magnification of the entire optical system is restricted to a constant. However, even when an accurate 
calculation is carried out in an actual optical system, this tendency to constant values does not change. 

The principal of the present invention discussed above is not restricted to five-group and seven-group arrange- 
ments. This principal generates good results as long as a positive refractive power group and a negative refractive 
power group are arranged alternately from the object side of the arrangement. A seven-group arrangement having a 
positive refractive power group, a negative refractive power group, a positive refractive power group, a negative refrac- 
tive power group, a positive refractive power group, a negative refractive power group, and a positive refractive power 
group is shown in Fig. 9. When such a seven-group arrangement is constructed, good performance can be obtained 
while minimizing the number of lenses. If an increase in the number of lenses is allowed, then nine-group and eleven- 
group arrangements are possible. 

By arranging the positive and negative refractive power groups alternately, the light bundle diverged from the neg- 
ative refractive power can be converged by the positive refractive power convex groups before spreading too much. By 
repeating this process, the refractive power on the negative refractive power group is distributed and the Petzval sum 
yields a good value. The above is the second point of the present invention. 

By connecting the first and the second points above, the advantage of the present invention is effectively brought 
about. In other words, as shown in Fig. 7, pairs of convex surfaces facing each other and pairs of concave surfaces fac- 
ing each other are positioned at adequate positions in a refractive power arrangement in which a positive refractive 
power group (01 > 0), a negative refractive power group ($2 < 0), a positive refractive power group (4»3 > 0), a negative 
refractive power group ($4 < 0), and a positive refractive power group ($5 > 0) are arranged from an object in this order. 
In further detail, more than two pairs of convex surfaces facing each other are included in each positive refractive power 
group, and more than two pairs of concave lenses facing each other are included in each negative refractive power 
group to satisfy conditions (1) and (2). At this time, the refractive power groups are grouped by type of refractive surface 
and are made into element groups. 

If only the first point of the present invention is satisfied, then the refractive power of the negative refractive power 
group can be made larger while suppressing the generated aberration. However, the divergent angle of light bundle 
from the negative refractive power group becomes too large and, therefore, the effective radius of the positive refractive 
power group becomes enlarged. The lens diameter of this positive refractive power group cannot be made larger and. 
as a result, the refractive power of the negative refractive power group can be made larger only to a certain extent. If 
only the second point of the present invention is satisfied, then a positive refractive power group, which does not include 
convex surfaces facing in opposite directions, and a negative refractive power group, which does not include concave 
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surfaces facing in opposite directions, are positioned alternately. In an extreme case, the optical system becomes what 
is referred to as a rod lens, shown in Fig. 8, in which a positive lens and a negative lens are positioned alternately. This 
system has the same performance level as an optical system in which one rod and one positive lens are combined. In 
such an optical system, many refractive surfaces exist and the flexibility with which the aberration can be corrected 

5 seems to be high. However, the incident angle of a light beam entering each lens group cannot be made smaller, and 
it is difficult to correct for aberration. 

An illustration of an assembly similar to that disclosed by U.S. Patent 5,260,832 is shown in Fig. 10. In this illustra- 
tion, a positive refractive power group is positioned after a pair of concave surfaces facing in opposite directions. A pair 
of concave surfaces facing in opposite directions is further included. As can be seen in Fig. 10, the incidental angle i2b 

w of light beams is not as large as that in the optical system shown in Fig. 8. However, it is larger than the incident angle 
in the optical system of the present invention shown in Fig. 9. 

It is dear that the advantages of the present invention can be effectively displayed by combining the first and the 
second points of the present invention. 

In the above, an explanation was given in reference to element groups determined by refractive surface type. 

75 Instead, elements included in the optical system can be grouped by type of lens. The optical system includes a first lens 
group G1 with an overall positive refractive power which has at least two positive lenses, a second lens group G2 with 
overall negative refractive power which has at least two negative lenses, a third lens group G3 with overall positive 
refractive power which has at least two positive lenses, a fourth lens group G4 with overall negative refractive power 
which has at least two negative lenses, a fifth lens group G5 with overall positive refractive power which has at least two 

20 positive lenses, a sixth lens group G6 with overall negative refractive power which has at least two negative refractive 
lenses, and a seventh lens group G7 with overall positive refractive power which has at least two positive lenses. The 
lens groups G1 -G7 are arranged in order from the object side. 

From the second point of the present invention, the first lens group with positive refractive power through the fifth 
lens group with positive refractive power are necessary according to the above explanation. Furthermore, in order to 

25 include two pairs of concave lenses or convex lenses facing each other, at least two negative or positive lenses are nec- 
essary. When the system is divided by element groups, conditions (1) and (2) are necessary. However, when construc- 
tion is achieved by a projection optical system divided by lenses, instead of satisfying conditions (1) and (2), the sixth 
lens group G6 with negative refractive power and the seventh lens group G7 with positive refractive power become nec- 
essary. 

30 In order to prevent distortion of an image which is caused by poor object (Le., reticle) flatness and poor image (he., 
wafer) flatness, it is desirable to locate the entrance pupil on the object side and the exit pupil on the image side at infin- 
ity so as to construct what is referred to as a "double-telecentric system" as the projection optical system of the present 
invention. In the following embodiments, telecentricity is assured by positioning positive refractive power groups on the 
object side and on the image side. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a view of a system used to describe a basic concept of the first effect of the present invention. 
Fig. 2 is an enlarged view of a structure provided between flat surfaces of the examples shown in Fig. 1. 
40 Fig. 3 is an illustration of an entering light beam incident upon different incidental surfaces. 
Fig. 4 shows a refractive power arrangement of a known projection optical system. 

Fig. 5 shows a refractive power arrangement of a projection optical system of the present invention which is used 
for discussion of the basic concept of the second effect of the invention. 

Fig. 6 shows a refractive power arrangement of a projection optical system further extended from the arrangement 
45 shown in Fig. 5. 

Fig. 7 is a view of a system used to describe a basic concept of a projection optical system of the present invention. 
Fig. 8 shows lens positions of a prior art projection optical system. 
Fig. 9 shows lens positions of the refractive power arrangement shown in Fig. 6. 
Fig. 10 shows lens positions of another prior art projection optical system. 
so Fig. 1 1 shows a cross section of a projection optical system according to the first embodiment of the invention. 

Fig. 12 shows diagrams representing a side aberration of the projection optical system according to the first 
embodiment. 

Fig. 13 shows diagrams representing astigmatism and distortional aberration of the projection optical system 
according to the first embodiment. 
55 Fig. 1 4 shows a cross section of a projection optical system according to the second embodiment of the invention. 
Fig. 15 shows diagrams representing side aberration of the projection optical system according to the second 
embodiment. 

Fig. 16 shows diagrams representing astigmatism and distortional aberration of the projection optical system 
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according to the second embodiment 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
5 Numerical embodiments of the present invention are further described in the following. 
First embodiment 

The first embodiment is a projection optical system which has 1/4 magnification. A numerical aperture NA on an 
image side is 0.6 and a maximum object height is 52.8 mm. An area in a reticle size of 74.5x74.5 mm 2 (lump-some 
exposure) or 90x55 mm 2 (scanned exposure) can be exposed. 

A fused quartz having a refractive index of 1 .50839 is used as an optical glass. An optical system having an excel- 
lent performance is provided by using a total of 29 lenses and a filter near an aperture stop, thus correcting for spherical 
aberration, coma aberration, astigmatism, and distortion aberration for a 248nm monochromatic wavelength of an ultra- 
violet excimer laser. 

A very small optical system, which has a maximum effective lens diameter of 220 mm or less and an object-imaae 
distance of 1 144 mm, can be obtained. 

Parameters of the first embodiment are shown in Table 1. Fig. 11 shows a cross section of the optical system 
according to the first embodiment, Fig. 12 illustrates the side aberration of the optical system of the first embodiment 
and Fig. 1 3 illustrates the astigmatism and distortional aberration of the optical system of the first embodiment In Table 
1 , the fused quartz is designated as QUARTZ. The side aberration is shown for image heights Y of 13.2, 12 0 8 05 and 
3.96 mm. In the figure representing astigmatism, an origin is the best image plane, and a Gaussian image plane is not 
a standard. 

The convex surfaces feeing each other in the first element group E1 are S11 through S14. The concave surfaces 
facing each other in the second element group E2 are S21 through S24. The convex surfaces facing each other in the 
third element group E3 are S31 through S34. The concave surfaces facing each other in the fourth element group E4 
are S41 through S44. The convex surfaces facing each other in the fifth element group E5 are S51 through S54 The 
concave surfaces facing each other in the sixth element group E6 are S61 through S64. The convex surfaces in the sev- 
enth element group E7 which face each other are S71 through S74. 
Conditions and corresponding values are shown in Table 2. 
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Table 2 
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Surface Number 


| biconvex | 


|Lx<f>concave | 


14 


S11 


4.36 




18 


S12 


2.75 




19 


S13 


3.59 




23 


S14 


2.17 




24 


S21 




5.06 


25 


S22 




2.55 


26 


S23 




3.47 


27 


S24 




4.47 


30 


S31 


3.05 




32 


S32 


2.54 




35 


S33 


3.01 




37 


S34 


3.52 




40 


S41 




4.46 


41 


S42 




2.33 


42 


S43 




3.31 


43 


S44 




4.02 


49 


S51 


3.10 




51 


S52 


1.97 




54 


S53 


3.34 




56 


S54 


3.83 





35 

Second embodiment 

The second embodiment is a projection optical system having 1/4 magnification. A numerical aperture NA on the 
image side is 0.6 and a maximum object height is 52.8 mm. An area in a reticle size of 74.5x74.5 mm 2 (lump-some 
40 exposure) or 90x55 mm 2 (scanned exposure) can be exposed. 

The optical glass is a fused quartz having a refractive index of 1 .50839. An optical system having an excellent per- 
formance is provided by using a total of 30 lenses, thus correcting for spherical aberration, coma aberration, astigma- 
tism, and distortional aberration for a 248nm monochromatic wavelength of an ultraviolet excimer laser. 

A very small optical system, which has a maximum effective lens diameter of 220 mm or less and an object-image 
45 distance of 1200 mm, can be obtained. 

Parameters of the second embodiment are shown in Table 3. Fig. 14 shows a cross section of the optical system 
of the second embodiment, Fig. 15 shows a side aberration of the optical system of the second embodiment, and Fig. 
16 shows an astigmatism and a distortional aberration of the optical system of the second embodiment. In Table 3. the 
fused quartz is designated as QUARTZ. The side aberration is shown for image heights Y of 13.2, 12.0, 8.05, and 3.96 
so mm. In the figure representing astigmatism, an origin is the best image plane, and the Gaussian image plane is not a 
standard. 

The convex surfaces facing each other in the first element group E1 are S11 through S14. The concave surfaces 
facing each other in the second element group E2 are S21 through S24. The convex surfaces facing each other in the 
third element group E3 are S31 through S34. The concave surfaces facing each other in the fourth element group E4 
55 are S41 through S44. The convex surfaces facing in the fifth element group E5 which face each other are S51 through 
S54. 

Conditions and corresponding values are shown in Table 4. 
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Table 3 
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radius of 
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material 
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number 


curvature 
0.00000 


distance 
92.000 
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QUARTZ £7 




10 


2 


-236.58134 
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Table 4 



Surface Number 


| biconvex | 


| biconcave | 


16 


S11 


2.10 




18 


S12 


2.39 




19 


S13 


3.55 




21 


S14 


3.16 




22 


S21 




5.15 


25 


S22 




1.82 


26 


S23 




4.35 


27 


S24 




3.97 


30 


S31 


2.43 




34 


S32 


2.44 




35 


S33 


3.11 




39 


S34 


4.20 




40 


S41 
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41 
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2.24 


42 
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3.92 


45 
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3.99 


49 


S51 


2.90 




51 
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1.96 




54 


S53 


3.36 




56 


S54 


3.95 





By providing an arrangement in which an element group with a positive refractive power and an element group with 
a negative refractive power are positioned alternately, and by providing an arrangement in which two pairs of surfaces 
facing in opposite directions are included, the overall length and diameter of a lens principal to the optical system are 
made smaller and the generation of aberrations is minimized. The Petzval sum, in particular, can be kept to a low value. 
Therefore, a small optical system which satisfies both high resolution and wide exposure area can be obtained. 

Claims 



1. A projection optical system having an object side and comprising in order from the object side: 

a first element group with a positive refractive power having at least two pairs of convex surfaces facing each 
other; 

a second element group with a negative refractive power having at least two pairs of concave surfaces facing 
each other; 

a third element group with a positive refractive power having at least two pairs of convex surfaces facing each 
other; 

a fourth element group with a negative refractive power having at least two pairs of concave surfaces facing 
each other; and 

a fifth element group with a positive refractive power having at least two pairs of convex surfaces facing each 
other; 



wherein, when refractive powers of the concave surfaces facing each other of each of the second element group 
and the fourth element group are ^concave, refractive powers of facing convex surfaces of each of the first element 
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group, the third element group and the fifth element group are (^convex, and a distance between an object and an 
image is L, 

0.5 < |L x <|>concave| < 15, and 
0.5 < |Lx <|>convex | < 15. 

2. The projection optical system as claimed in claim 1 and further comprising a sixth element group with a negative 
refractive power on an object side of said first through said fifth element groups. 

3. The projection optical system as claimed in claim 2, wherein the sixth element group has at least two concave sur- 
faces. 

4. The projection optical system according to any one of the preceding claims, wherein an additional element group 
with a positive refractive power on an object side of the first through the fifth element groups. 

5. The projection optical system as claimed in claim 4, wherein the additional element group has at least two convex 
surfaces. 

6. The projection optical system as claimed in claim 2 or 3 and further comprising a seventh element group with a pos- 
itive refractive power on an object side of the first through the fifth element groups. 

7. The projection optical system as claimed in claim 6, wherein the seventh element group is disposed on an object 
side of the sixth element group. 

8. The projection optical system as claimed in claim 1 and further comprising a sixth element group having at least 
two concave surfaces at one side of said first through said fifth element groups. 

9. A projection optical system comprising: 

a first lens group having at least two positive lenses and a positive refractive power as a whole; 

a second lens group having at least two negative lenses and a negative refractive power as a whole; 

a third lens group having at least two positive lenses and a positive refractive power as a whole; 

a fourth lens group having at least two negative lenses and a negative refractive power as a whole; 

a fifth lens group having at least two positive lenses and a positive refractive power as a whole; 

a sixth lens group having at least two negative lenses and a negative refractive power as a whole; and 

a seventh lens group having at least two positive lenses and a positive refractive power as a whole. 

1 0. A projection optical system having an object side and comprising: 

a first plurality of element groups with positive refractive powers, each element group of said first plurality of 
element groups including multiple pairs of convex surfaces; 

a second plurality of element groups with negative refractive powers, each element group of said second plu- 
rality of element groups including multiple pairs of concave surfaces; 

each element group of said second plurality of element groups being interposed between two element groups of 
said first plurality of element groups; 

wherein, when refractive powers of the concave surfaces of second plurality of element groups are <f>concave, the 
refractive powers of the convex surfaces of the first plurality of element groups are ^convex, and a distance 
between an object and an image is L, 

0.5 < |L x (|>concave| < 15; and 

0.5 < |Lx (^convex | < 15. 

11. The projection optical system as claimed in claim 10 and further comprising an additional element group with a 
negative refractive power on an object side of said first and second pluralities of element groups. 
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12. The projection optical system as claimed in claim 11, wherein the additional element group has at least two con- 
cave surfaces. 

1 3. The projection optical system according to any one of claims 1 0 to 1 2, wherein a further element group with a pos- 
itive refractive power on an object side of the first and second pluralities of element groups. 

14. The projection optical system as claimed in claim 13, wherein the further element group has at least two convex 
surfaces. 

15. The projection optical system as claimed in claim 13 or 14, wherein the further element group is disposed on an 
object side of the additional element group. 
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